Endometriosis is a disease in which the lining of the uterus (endometrium), shed at the time of menstruation, becomes established at sites such as the peritoneum and ovaries. These explants develop a rich blood supply that enables them to survive and grow. We hypothesized that inhibitors of angiogenesis would prevent this growth by disrupting sensitive vessels supplying endometriotic lesions. Vessels sensitive to angiogenic antagonism have few associations with pericyte cells. The vessels supplying human endometriotic lesions were immunohistochemically characterized and found to be predominantly pericyte free. A model in which human endometrium is implanted into nude mice was used to test the effects of two antagonists of the angiogenic growth factor, vascular endothelial cell growth factor A. Soluble truncated receptor (flt-1; P ‫؍‬ 0.002) and an affinity-purified antibody to human vascular endothelial cell growth factor A (P ‫؍‬ 0.03) significantly inhibited the growth of nude mouse explants. Pericyte-free vessels were shown to supply endometrial lesions in nude mice and were disrupted in lesions taken from soluble flt-1-treated mice. In summary, antiangiogenic agents inhibited the growth of explants in an in vivo model of endometriosis by disrupting the vascular supply, and this effect is likely to apply to the human disease. These findings suggest that antiangiogenic agents may provide a novel therapeutic approach for the treatment of endometriosis. (J Clin Endocrinol Metab 88: 2889 -2899, 2003)
NDOMETRIOSIS IS A common disease, affecting about 1 in 10 women of reproductive age (1) . It is characterized by the growth of endometrium at ectopic sites, such as the abdominal cavity and the ovary. Patients with the disease complain of severe pain at menstruation (dysmenorrhea), severe pain during sex (dyspareunia), chronic pain during the menstrual cycle, and inability to conceive. Estrogen secreted from the ovary encourages the development of endometriotic lesions (2) , whereas progesterone secreted in the second half of the menstrual cycle inhibits disease progression (3) .
The cause of endometriosis is unknown, but it is thought that endometrium, shed at the time of menstruation, passes backward along the fallopian tubes and into the abdominal cavity (4, 5) . Here the explants establish a blood supply and grow. Indeed, a characteristic clinical feature of these lesions is the profusion of blood vessels that surround the ectopic endometrial tissue. Although most women have retrograde menstruation, only 10% of women develop endometriosis. It may be that women with endometriosis have a greater ability to develop a blood supply to ectopic endometrium than women without the disease. There is evidence that vascular development is important in the pathogenesis of endometriosis. Peritoneal fluid from women with endometriosis has greater angiogenic activity than fluid aspirated from women without the disease (6) , and at least in the estrogenic proliferative phase of the menstrual cycle (7) , this fluid contains high levels of the angiogenic growth factor, vascular endothelial cell growth factor A (VEGF-A).
The development of new blood vessels is a closely regulated process that involves the coordinated interaction of many gene families (8) . The VEGF family is particularly important (9) . VEGF-A, acting through the kinase domain receptor (VEGFR2), induces differentiation, proliferation, and migration of endothelial cells (10) . The formation of these cells into tubes requires the Fms-like tyrosine kinase receptor (flt-1), or VEGFR1 (11) . VEGF-A stimulates new vessel growth in a variety of physiological and pathological conditions (12, 13) , but if VEGF-A support is withdrawn, endothelial cells undergo apoptosis, and the vessels regress (14) . However, endothelial cells are only responsive to VEGF-A and its withdrawal if they are not surrounded by pericytes (12, 14) . Pericytes are smooth muscle ␣-actin (␣SMA)-containing, mesenchymal cells that are attracted to immature blood vessels by platelet-derived growth factor synthesized by endothelial cells (15) . Pericyte-derived angiopoetin-1 prevents endothelial cell apoptosis and maintains vessel integrity (16) . When endothelial cells are surrounded by pericytes, they become resistant to the withdrawal of VEGF-A.
In view of the importance of blood vessels to the establishment and subsequent growth of endometriotic lesions, we sought to test the hypothesis that antiangiogenic agents may be effective in preventing ectopic endometrial growth. We chose to specifically antagonize VEGF-A because of the elevated levels of VEGF-A in peritoneal fluid of women with endometriosis and its importance in other angiogenesisdependant conditions. To evaluate the likely success of this approach, we also wanted to determine the VEGF-A responsiveness of vessels that supply ectopic endometrial lesions.
To address these questions we quantified the number of blood vessels that supply the full thickness of human endometrium and determined whether the endothelial cells were associated with pericytes. Eutopic and ectopic endometria from women with ovarian endometriosis were compared in the same way. We then used an in vivo model of endometriosis in which human endometrium is implanted into nude mice (17) (18) (19) to test the effect of VEGF-A antagonists on lesion formation. Several groups have shown that lesions taken from this model are macroscopically and microscopically similar to endometriotic lesions in women (17) (18) (19) . We initially determined that the endothelial cells in vessels supplying these lesions were pericyte free and thus responsive to VEGF-A withdrawal. Both soluble flt-1 (20) , a competitive inhibitor of VEGF-A (21), and antihuman VEGF-A antibodies were shown to inhibit lesion formation in this model. 
Methods and Materials

Primary antibodies and lectins
Secondary antibodies
Biotinylated goat antirabbit immunoglobulins, biotinylated rabbit antimouse immunoglobulins, and goat anti-UEA-1 were obtained from Vector Laboratories, Inc. Biotinylated rabbit antigoat antibody was purchased from Zymed Laboratories, Inc. (San Francisco, CA). Fluorescent secondary antibodies were obtained from the same suppliers: fluorescein isothiocyanate (FITC)-streptavidin and tetramethylrhodamine isothiocyanate (TRITC)-rabbit antimouse immunoglobulins from DAKO Corp., streptavidin-TRITC from Sigma-Aldrich Corp., and FITC-donkey antirabbit immunoglobulins and Cy5-goat antimouse immunoglobulins from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA). Vectorsheild, the Vectorstain ABC Kit, and the Vectorstain Mouse on Mouse Kit were also purchased from Vector Laboratories, Inc. Goat and rabbit sera, trypsin, BSA, fructose, and diaminobenzidine (DAB) were purchased from Sigma-Aldrich Corp.
Other reagents
VEGF-A, basic fibroblast growth factor (bFGF), goat immunoglobulins, anti-VEGF and affinity-purified goat antihuman VEGF, and goat antimurine VEGF antibodies were purchased from R&D Systems (Abington, UK). 
Experiment 1: morphometric analysis of endometrial and endometriotic blood vessels
The local ethical committee of Addenbrooke's Hospital National Health Service Trust (Cambridge, UK) approved this study. To characterize the blood vessels supplying eutopic endometrium and to determine whether the nature of the vessels changed during the normal menstrual cycle, 16 women with regular menstrual cycles (25-30 d in length), undergoing hysterectomy for benign gynecological conditions were recruited to the study. Eight were in the follicular phase of the cycle, and eight were in the secretory phase, as judged by the date from the last menstrual period and histological examination of an endometrial biopsy (22) . The median age of women in the proliferative phase was 42 yr (range, 35-46 yr), and that for women in the secretory phase was 40 yr (range, 34 -43 yr). The indications for hysterectomy included painful (n ϭ 6) or heavy (n ϭ 6) periods, prolapse of the uterus (n ϭ 2), chronic pelvic pain (n ϭ 1), and prophylactic hysterectomy because of a family history of ovarian cancer (n ϭ 1). No gynecological pathology was identified in any of the specimens.
To compare blood vessels in endometriotic lesions with blood vessels in uterine endometrium, eight additional patients were recruited to the study. These women were diagnosed as having peritoneal endometriosis involving the ovaries and were scheduled for total abdominal hysterectomy and bilateral salpingo-ophorectomy. All women had regular menstrual cycles, and none was taking medication. The median age of this group was 42 yr (range, 36 -49 yr), and histological examination of the uterine endometrium confirmed that four women were in the proliferative phase of the cycle and four were in the secretory phase (22) . Endometriosis was diagnosed histologically in all cases in the ovarian specimens.
Endothelial cells and pericytes were identified immunohistochemically. A 36-point grid was used to standardize the morphometric analysis of blood vessels. The proportion of the endometrium occupied by endothelial cells (the volume fraction) was determined by counting the endothelial cells coincident with the points on the overlaid grid. This method is unaffected by tissue swelling or shrinkage. The volume fraction of endothelial cells alone or in association with pericytes was estimated in superficial and deep uterine endometria and ectopic endometria. Ten different fields were counted, and the mean of the observations was used for further analysis.
Experiment 2: inhibition of blood vessel development by antiangiogenic agents
Sponge implantation model. To validate the efficacy of our anti-VEGF reagents in vivo, an implanted sponge model was used (23) . Two sterile circular polyether sponge discs were implanted sc in the dorsum of anesthetized male Wistar rats (180 -200 g). Cannulas attached to the center of the disc were exteriorized and plugged with sterile polyethylene stoppers. Rats were housed individually and given a normal diet and water ad libitum. Test substances in 50 l sterile PBS were administered daily through the cannulae for 13 d. To exclude possible vasomotor effects, test substances were injected at least 16 h before 133 Xe clearance measurements. Synergistic doses of VEGF-A (25 ng) and FGF (10 ng) were injected with or without either the soluble flt-1 (sflt-1) receptor (6.25 or 100 ng) or anti-VEGF monoclonal antibody (6.25 or100 ng). Soluble flt-1 or anti-VEGF antibody was also administered alone.
Sponge blood flow determination by a
133 Xe clearance technique. Blood flow through the sponge implants was assessed using a 133 Xe clearance technique (23) .
133 Xe (0.5Ci) was injected into each sponge. The washout of radioactivity from the sponge was measured for 10 min with a collimated scintillation detector.
Endothelial volume fraction estimation. The endothelial volume fraction was determined by counting the number of endothelial cells at the intersections of a 36-point grid in 6 random fields in each of the 2 sponges present in the 6 -10 animals/group. Endothelial cells were identified immunohistochemically.
Experiment 3: antagonism of ectopic endometrial growth using antiangiogenic molecules in an experimental model of endometriosis
Preparation of human endometrial explants. Ethical approval for the use of human tissue was obtained from Vanderbilt University's institutional review board and committee for the protection of human subjects. The Vanderbilt institutional animal care and use committee approved this animal study. Endometrial tissue was obtained by endometrial suction curettage (Pipelle, Unimar, Inc., Wilton, CT) from volunteers (age, 21-45 yr) with regular menstrual cycles on d 9 -12 of their cycle. To ensure the endometrium was proliferative, a serum progesterone level less than 1.5 ng/ml was required. Endometrial biopsies were immediately washed in prewarmed phenol red-free DMEM/Ham's F-12.
Endometrial biopsies were sectioned into uniform 1-to 2-mm 3 pieces, and 8 -10 fragments were suspended as explant cultures in serum-free DMEM/Ham's F-12 medium supplemented with 1% ITS, 0.1% Excyte, and 10 nm estradiol and incubated overnight at 37 C in 95% air/5% CO 2 .
Nude mouse model of endometriosis. This model, with minor modifications, has been described previously (17) . Five-week-old athymic (nude) ovariectomized mice (20 -25 g) were purchased from Taconic Laboratories (Germantown, NY) and housed in individually ventilated cages. Animals were anesthetized using Metofane and were operated on in a sterile environment. Twenty-four to 96 h before the injection of human tissue, estradiol-releasing pellets (1.5 mg/60-d release) were implanted sc just below the scapula.
In vitro treatment and in vivo injection of human endometrial tissue.
Human endometrial tissue, maintained for 24 h in culture, was washed with sterile PBS before injection. Each animal received a single injection of 8 -10 endometrial fragments in 200 l sterile PBS as described by Zamah et al. (24) . Endometrial fragments were injected sc using tuberculin syringes and 18-gauge needles at a site on the ventral midline below the umbilicus. Immediately after tissue injections, mice received an sc injection of the appropriate experimental or control protein in 100 l PBS.
In experiment 1, explant cultures additionally received 50 g/ml goat IgG (group 1), 50 g/ml affinity-purified antihuman VEGF antibody (group 2), 50 g/ml affinity-purified antimurine VEGF antibody (group 3), and 25 g/ml each of affinity-purified antihuman and antimurine antibodies (group 4).
Explant cultures used in experiment 2 received vehicle (group 1), 50 g/ml of soluble flt-1 in PBS (group 2), VEGF-A (250 ng/ml) and FGF (100 ng/ml; group 3), or VEGF-A (250 ng/ml), FGF (100 ng/ml), and soluble flt-1 receptor (50 g/ml; group 4).
Groups of mice in the first experiment received nonspecific goat IgGs matched to antihuman VEGF antibody (5 g; group 1), antihuman VEGF antibody (5 g; group 2), antimurine VEGF-A antibody (5 g; group 3), or both antihuman and anti-murine VEGF (2.5 g each; group 4).
In the second experiment the four treatment groups received PBS (group 1), soluble flt-1 (5 g; group 2), VEGF (25 ng) and FGF (10 ng; group 3), or VEGF (25 ng), FGF (10 ng), and soluble flt-1 (5 g; group 4). For the next 9 d, mice received the same sc injections at approximately the same time of day. On d 11, 24 h after the last injection, the mice were killed.
Examination of lesions.
The peritoneum and visceral organs of animals were examined using a dissecting microscope. All potential lesions were removed and immediately placed in 10% ice-cold buffered formalin. Hematoxylin and eosin staining of these lesions revealed the histological characteristics of endometriosis. Any tissues removed that did not contain both glandular and stromal elements (i.e. fibrous adhesions) were excluded from the study.
Immunohistochemistry
Endothelial cells and pericytes were identified immunohistochemically in human eutopic and ectopic endometrial tissue, sponge explants from Wistar rats, and human endometrial explants from the nude mouse model of endometriosis. All tissues were formalin fixed, paraffin embedded, then cut into 5-m sections. Before staining, all tissues were dewaxed and rehydrated. Antigen retrieval was performed by pressure cooking at maximum pressure in 0.1 m sodium citrate (human endometrial and Wistar rat sponge sections) or by enzymatic digestion with 0.1% trypsin in a 0.1% CaCl/PBS solution (nude mouse explants).
Nonspecific binding was blocked with 10% goat serum (Wistar rat and some nude mouse sections) or 5% rabbit serum (human endometrial sections) in 0.1% BSA in PBS. Mouse-on-mouse blocking reagent was used for anti-␣SMA antibody staining of nude mouse lesions.
UEA-1 was used to identify human endothelial cells. UEA-1 preincubated with a 200-fold molar excess of fructose was the negative control. In human endometrial samples, unconjugated UEA-1 (10 g/ml) was detected with goat anti-UEA antibody (10 g/ml), a biotinylated rabbit antigoat antibody (25 g/ml), then an FITC-streptavidin conjugate (7.5 g/ml). Biotinylated UEA-1 (10 g/ml) was used to stain nude mouse lesions, and this was detected with streptavidin-TRITC (31.2 g/ml) or the Vectastain ABC system with DAB as the final substrate.
The antibody MRC-OX43 (1:25) was used to identify Wistar rat endothelial cells in sponge explants. Rabbit Igs ensured primary antibody specificity. Biotinylated antirabbit secondary antibody was applied and identified with Vector Laboratories, Inc., ABC Kit and DAB.
vWF (5.7 g/ml) was used to differentiate human endothelial cells (that stain positively for both vWF and UEA-1) from murine endothelial cells (that only stain positively for vWF) in explants taken from nude mice. Rabbit Igs (5.7 g/ml) served as a negative control. The secondary antibody was either biotinylated goat antirabbit (7.5 g/ml) detected by the Vectastain ABC system or donkey antirabbit FITC (15 g/ml).
An ␣SMA (clone 14A) mouse monoclonal antibody (2.5 g/ml) identified pericytes. The negative control was an isotype-matched mouse IgG (2.5 g/ml). In human endometrium, anti-␣SMA was detected with a TRITC-conjugated rabbit antimouse antibody (7.5 m/ml; Vector Laboratories, Inc.). In nude mouse lesions either goat antimouse-Cy5 (14 g/ml) or a Mouse on Mouse kit was used.
Quenching of endogenous peroxidases (with 3% hydrogen peroxidase in methanol) was performed before antibody detection with Vector Laboratories, Inc., ABC or Mouse on Mouse kits. Sections were counterstained with Corezzi's hematoxylin, then rehydrated and mounted in Depex. Microscopy was performed with an Ultraphot microscope (Carl Zeiss, New York, NY).
In human eutopic and ectopic tissue, concurrent double fluorescent staining with UEA-1 and ␣SMA was used to identify endothelial cells and pericytes. A triple-fluorescent stain was performed on sections from nude mouse lesions whereby UEA-1 lectin and vWF antibodies were concurrently applied, followed by anti-␣SMA antibodies. Fluorescently stained sections were mounted and counterstained in Vectorshield with Dapi. A TCS-NT confocal microscope (Leica Corp., Deerfield, IL) identified the fluorescent markers.
Statistical analysis
To provide a statistically integrated approach that accounts for multiple testing, adjusts for the effects of other variables, and addresses the correlation between measurements from an individual, linear mixed effects models (25) were fitted to the data from the 16 women without endometriosis. Both the total vessel volume fraction of the endothelial cells (i.e. the sum of the volume fraction of the endothelial cells with and without pericyte association) and the proportion of pericyte-free vessels were compared in the tissue layers in both phases of the menstrual cycle. This modeling approach was then repeated after including the 8 eutopic endometrial samples (basal and superficial) from the women with endometriosis with the 16 control samples. Initially, the interactions between cycle phase and endometrial layer were tested. However they were found to be nonstatistically significant, so the final models included only the main effects of cycle phase and endometrial layer. Linear mixed effects models were applied to investigate the effects of basal, superficial, and ectopic tissues from the 8 women with endometriosis on the total vessel volume fraction and the proportion of pericyte-free vessels. Statistical significance was assessed at the 5% level.
For analysis of 133 Xe clearance from the rat sponge implants, the data were log-transformed to diminish the impact of extreme 133 Xe clearance measurements (25) , and a linear mixed effects model was fitted, assuming different slope and intercept parameters for the groups over time. Data for endothelial cell counts from morphometric analysis of immunostained sections were analyzed using a Poisson regression modeling approach.
Logistic regression models were used to analyze the effect of exposure of antihuman VEGF antibodies and antimurine antibodies on the presence or absence of lesions in nude mice. In this experiment all mice had only one lesion; therefore, a modeling approach that analyses binary data was used (25) . Several of the mice were shown to have more than one lesion in the experiment in which mice were exposed to soluble flt-1 with or without VEGF/FGF supplementation. To incorporate this information, a Poisson regression model was used to analyze the count data (25) .
Statistical significance was determined at the 5% level, and 95% confidence intervals (CI) for the odds ratios and rate ratios are reported.
Results
Experiment 1: morphometric analysis of human endometrial and endometriotic blood vessels
All P values in the subsequent text refer to the linear effects model. The volume fraction of endometrium occupied by blood vessels was determined in the histologically normal endometrium taken from 16 women throughout the menstrual cycle. The vessel volume fraction in the superficial zone of the endometrium was significantly lower than that found in the basal part of the endometrium (P Ͻ 0.0001; Fig.  1, I and J). The fraction of blood vessels did not change throughout the cycle in either the superficial or basal zone of the endometrium (P Ͻ 0.66). However, examination of eutopic and ectopic endometria showed an increased blood vessel volume fraction in the endometriotic lesions compared with the patients' own superficial eutopic endometrium (P Ͻ 0.002).
For anti-VEGF drugs to be effective, vessels in the endometriotic lesions would need to be pericyte free (immature) and thus VEGF-A sensitive. Most of the blood vessels supplying the endometriotic lesions were not associated with pericytes (84% of the total vessel volume fraction) and were therefore responsive to VEGF-A (Fig. 1H) . In ectopic endometrium (n ϭ 8) the proportion of vessels without pericyte association was significantly higher than that in both basal (P Ͻ 0.003) and superficial eutopic (P Ͻ 0.045) endometria from the same eight women. There was no significant difference in the proportion of pericyte-free cells between normal eutopic endometrium (n ϭ 16) and eutopic endometrium from women with endometriosis (n ϭ 8) in either the superficial (P Ͻ 0.99) or basal (P Ͻ 0.80) layers (Fig. 1, H-J) .
The proportion of immature vessels was also determined for the 16 control women. There was no evidence of any difference in the total vessel volume fraction or the proportion of immature vessels between control endometrium (n ϭ 16) and eutopic endometrium taken from women with endometriosis (n ϭ 8). When eutopic endometrium from women with endometriosis was included in the analysis (n ϭ 24), a significantly higher proportion of vessels were pericyte free in the superficial layer of the endometrium compared with the basal layer (P ϭ 0.04; Fig. 1 
, H-J).
Experiment 2: inhibition of blood vessel development by antiangiogenic agents
The rat sponge model validated the in vivo efficacy of the anti-VEGF-A reagents used in these experiments. VEGF-A and bFGF stimulated angiogenesis in the implanted sponge model. There was a significantly higher 133 Xe clearance (linear mixed effects model; P Ͻ 0.001; Fig. 2A ) in sponges from rats treated with VEGF-A/FGF compared with untreated controls, and this was matched by increased endothelial cell staining in these sponges (Fig. 2, B and E) . The growth factorinduced increase in blood flow was virtually abolished by treatment with low dose soluble flt-1 (linear mixed effects model; P Ͻ 0.001). Anti-VEGF-A antibody also reduced this effect in a dose-dependent manner (Fig. 2A) . This was paralleled by a reduction in the density of endothelial cells in the sponge when soluble flt-1 or VEGF-A antibody was administered in either a low (by Poisson regression analysis, P Ͻ 0.06; Fig. 2C ) or high (by Poisson regression analysis, P Ͻ 0.001; Fig. 2D ) dose compared with the VEGF-A/bFGF-stimulated tissue.
Experiment 3: characterization of lesions from nude mice
The staining specificity of UEA-1 for human endothelial cells, that of vWF for human and mouse endothelial cells, and that of ␣SMA for pericytes were demonstrated in human endometrium and nude mouse peritoneum (Fig. 3) . Macroscopically, multiple blood vessels were seen surrounding transplanted human endometrial explants in nude mice (Fig.  5A) . Examination of the human endometrial explants removed from mice that received estradiol alone showed that most of the endothelial cells forming the blood vessels were of murine origin (i.e. they were vWF positive, but negative for UEA-1; Fig. 4, A-F and J) . A small number of endothelial cells located centrally in the lesions stained with UEA-1, indicating their human origin (Fig. 4, A-C) . Very few of the vessels in the explants had an ␣SMA-positive pericytic covering (Fig. 4, G-I and K) , further confirming the similarity of these lesions to those found in women with the disease.
Anti-VEGF antibody antagonism of lesion formation in nude mice
VEGF-A and its transcript were shown to be present in human endometrial lesions in nude mice by immunohistochemical analysis and in situ hybridization (data not shown). The nude mouse model of endometriosis was used to determine whether anti-VEGF-A agents could inhibit explant formation by antagonizing the action of VEGF-A. Initially, an antibody raised against human VEGF-A (anti-VEGF-A antibody) was shown to reduce the growth of the endometrial lesions (Table 1) . However, antibody that only recognized murine VEGF-A had little effect (by logistic regression analysis, P Ͻ 0.58). When this antibody was administered with antihuman VEGF-A antibody, the inhibitory action was restored, indicating that it is likely to be human VEGF-A expressed in the lesion that promotes the recruitment and retention of murine endothelial cells (by logistic regression analysis, P ϭ 0.03; odds ratio, 0.48; 95% CI, 0.003-0.790).
Soluble flt-1 receptor antagonism of VEGF-A in the nude mouse model of endometriosis
Soluble flt-1 also significantly reduced the number of endometrial explants in nude mice (by Poisson regression analysis, P ϭ 0.002; RR, 0.28; 95% CI, 0.12-0.61; Table 2 ). The additional injection of VEGF-A and FGF did not alter this effect (by Poisson regression analysis, P ϭ 0.65). Endometrial lesions could not be identified in the majority of nude mice treated with soluble flt-1. However, histological examination of the small number of lesions seen (Fig. 5B ) revealed a cystic-like space centrally that was surrounded by a rim of dense, mesothelial-like cells. The glandular epithelium had partially degenerated, and necrotic debris was present in the cystic space. Staining for UEA-1, vWF, and ␣SMA was greatly reduced, demonstrating a virtual absence of the microvasculature (Fig. 5, E, F, I , J, M, and N).
Discussion
These findings show that antiangiogenic agents are effective in suppressing the growth of ectopic endometrial explants in a nude mouse model of endometriosis. Two antagonists of VEGF-A, a truncated, inhibitory receptor, sflt-1, and an antibody, were initially shown to have antiangiogenic properties in vivo in a rat sponge implant model. Subsequent studies confirmed that they inhibited the growth of human endometrial tissue transplanted into mice. In most cases explants could not be identified in animals treated with the antagonists. Where they were, there were limited numbers of blood vessels. In contrast, explants maintained in animals that received estrogen alone thrived and demonstrated numerous blood vessels.
Like lesions taken from nude mice, human endometriosis has a vascular supply consisting of endothelial cells without an extensive pericytic layer. Human endometriosis is therefore likely to respond to antiangiogenic treatment in a similar way to the response seen in nude mice. Other in vivo models have demonstrated the response of immature vessels to VEGF-A antagonism. In the rat retina, such immature vessels regress when exposed to hyperoxia. The presence of VEGF-A prevents this regression, promoting the survival and growth of these pericyte-free vessels (12) . In a tumor model, if VEGF-A is withdrawn, this effect is lost, and vasculature disruption is seen (14) .
VEGF-A regulates the proliferation and survival of endothelial cells by the VEGFR-2 receptor (10). Both sflt-1 and the anti-VEGF-A antibody bind VEGF-A, preventing the ligand from accessing the VEGFR-2 receptor. The soluble flt-1 receptor may have additionally acted in a dominant negative manner to block VEGF-A action (26) as the Ig-like domains of the soluble VEGFR-1 can form heterodimers with VEGFR-2. In this study antagonism of just VEGF-A was sufficient to prevent the growth of explants despite the fact that human endometrium expresses other members of the VEGF family of genes as well as angiotensin-1 and -2 (27) . This presumably reflects the overriding potency of VEGF-A in the growth of endometrial blood vessels, at least at ectopic sites.
Increased proliferation of endothelial cells may only partially account for VEGF-A's ability to maintain an immature vasculature. Endothelial cell survival is also promoted by VEGF-A due to its antiapoptotic actions. VEGF-A increases the expression of the antiapoptotic genes, Bcl-2, A-1 (28), XIAP, and survivin (29) ; activates the prosurvival phosphoinositol 3-kinase/Akt-1 pathway (30); and inhibits Ets-and TNF␣-induced apoptosis (31) . It may be that sflt-1 predominantly antagonized VEGF-A's antiapoptotic actions, thereby decreasing the survival of vascular endothelial cells in nude mouse explants.
This study also shows that most of the endothelial cells that constitute the blood vessels in explants are derived from the host mouse. The origin of these endothelial cells is less clear. They could be derived from proliferating blood vessels situated close to the lesion. If so, these cells are probably recruited by human VEGF-A secreted from the lesion itself, because antihuman, but not antimurine, VEGF-A antibody blocked the growth of the explants. It may be that ischemia in the implanted human endometrial explant up-regulates the transcription of human VEGF-A (32). These findings argue against the local release of murine VEGF-A in response to trauma or from murine macrophages attracted to the explant site. This aspect of the model may differ from the human situation, in which activated macrophages have a role in the increased levels of VEGF-A found in the peritoneal fluid of endometriotic patients (7) .
Alternatively, bone marrow-derived endothelial progenitor cells (33) , attracted by VEGF-A and inflammatory chemokines in the deposited endometrium (34) , may have contributed to the new vessels. Elevated levels of VEGF-A can recruit both peripheral endothelial progenitor cells and hemopoietic endothelial cell precursors. Using Id mutant mice, Lyden et al. (35) showed that VEGF-A recruits different populations of endothelial cell progenitors during tumor angiogenesis. Indeed, approximately 90% of the endothelial cells present in explanted tumors 2 d after implantation were bone marrow derived. Circulating endothelial precursor cells, induced to enter the peripheral circulation by VEGF-A, were as effective in this regard as cells derived from the bone marrow. These VEGF-A-mobilized endothelial-like cells expressed the endothelial markers VEGFR2 and VE-cadherin. A further possibility for the action of VEGF-A may arise from its ability to determine the differentiation state of peripheral CD14 ϩ monocytes (36) . In the presence of GM-CSF and IL-4, these cells differentiate into immature dendritic cells expressing the markers, CD1a, human leukocyte antigen-DR, and CD86. Further lineage progression is mediated by TNF␣. However, VEGF-A impairs this progression by down-regulating the expression of CD1a and inducing the cells to express endothelial markers, including vWF, VEGFR1, VEGFR2, CD105, and VE-cadherin (37) .
In the cancer model (35) , antibodies to VEGFR1 did not inhibit blood vessel numbers, but did reduce the accumulation of myelo-monocytic cells around the vessels. Anti-VEGFR2, on the other hand, did inhibit blood vessel growth. In this study both anti-VEGF-A and soluble flt-1 inhibited blood vessel growth. These findings suggest that anti-VEGF agents may be successful in treating endometriosis by both blocking blood vessel growth and at the same time inhibiting the accumulation of macrophages at the explant site.
In women with endometriosis, VEGF-A was only found to be elevated in peritoneal fluid in the proliferative phase of the cycle (7) . It may be that VEGF-A's influence on blood vessel growth in endometriosis is dependent on the steroidal environment. Lesion formation in the nude mouse model of endometriosis was dramatically reduced when mice were exposed to progesterone (17, 24) . Antihuman antibody was less effective in reducing lesion formation in the nude mouse model when the tissue explants had been exposed to progesterone (data not shown). This suggests that anti-VEGF-A therapy may be more effective if given to women in the proliferative, rather than the secretory, phase of the menstrual cycle.
As shown in this study, a large number of the blood vessels supplying endometrial explants in women are immature. Thus, anti-VEGF-A agents have the potential to disrupt the vasculature of endometriotic lesions in women. These studies show for the first time that antiangiogenic agents are likely to be effective agents in the treatment of endometriosis. They provide a new opportunity for managing this debilitating disease. Further studies are now needed to demonstrate the efficacy of this approach in clinical practice.
